Introduction
Cigarette smoking is responsible for nearly five million deaths annually, with the leading cause of tobacco-related mortality being cardiovascular disease, followed by chronic obstructive pulmonary disease (COPD). 1 While the adverse effects of cigarette smoking on lung health and "systemic" diseases are well established, the precise mechanism by which cigarette smoke mediates its systemic effects needs to be clarified. Due to the large variation in the adverse effects of cigarette smoke, it has been proposed that other factors, such as gene-environment interactions, may be important in promoting tobacco-related disease. 2, 3 COPD represents a clear example of gene-environment interactions because although cigarette smoking is the main environmental trigger for COPD in developed countries, considerable variation exists in disease outcomes, which are likely related to an individual's genetic load.
Our previous studies utilized a subset of individuals from the LHS cohort to form a nested case-control study based on the extremes of distribution for the rate of decline in lung function and baseline lung function. [5] [6] [7] Our rationale in this study was to investigate if gene × smoking interactions were associated with lung function decline in the entire LHS cohort. This approach would therefore allow us to estimate the effect of the identified polymorphisms and interactions with smoking on continuous measures of lung function, rather than dichotomous extremes, which the previous subset analyses were underpowered to perform. Our second aim was to determine whether the genetic variants and/or gene × smoking interactions were predictors of cardiovascular disease. We hypothesized that the link between COPD and mortality from cardiovascular disease is inflammation, through both local and systemic mechanisms.
Methods

LHs participants
The details of the LHS cohort have previously been published. 8 Briefly, 5887 subjects who were cigarette smokers, aged 35-60 years, with mild to moderate airflow obstruction were recruited into the LHS cohort. Airflow obstruction was defined by a forced expiratory volume in one second (FEV 1 ) to forced vital capacity (FVC) ratio of #0.70 and FEV 1 55%-90% of predicted. Lung function measurements were performed annually over the 5 years of the study using standardized spirometry, with quality control in accordance with the American Thoracic Society guidelines. 9, 10 During the follow-up phase of the study, the vital status of the participants was captured every 6 months. An independent mortality and morbidity committee reviewed death certificates, autopsy reports, and relevant hospital records to assign the causes of death for all participants who died during the study and confirmed data by linkage with the US National Death Index. 11 On recruitment into the LHS cohort, each individual's smoking history was recorded in pack-years. At each subsequent annual visit, the smoking status of each participant was ascertained based on self-reporting and was objectively verified by determining cotinine levels in saliva samples and/ or carbon monoxide concentrations in expired air (Minico, Catalyst Research or EC50, Vitalograph). Participants were categorized as continued smokers or sustained quitters based on self-reporting and a validated biochemical measurement at all five follow-up visits. 8 Individuals who had a history of cancer (except carcinoma in situ or basal cell carcinoma of the skin), myocardial infarction (in the past 2 years), angina, heart failure, stroke (in the past 2 years), renal failure, insulin-requiring diabetes mellitus, cirrhosis or other serious liver disease, pulmonary embolism, disorders of the central nervous system, narrowangle glaucoma, or any other major diseases which could have compromised follow-up, were excluded from the cohort.
Polymorphism selection and genotyping methods
Four single nucleotide polymorphisms (SNPs) were selected because they showed significant associations with either rate of decline or baseline lung function in our previous nested case-control studies of the LHS cohort. [5] [6] [7] In addition, the respective proteins have previously been implicated in the pathogenesis of cardiovascular disease. [12] [13] [14] [15] [16] [17] Genotyping was performed using the TaqMan method (Applied Biosystems, Foster City, CA).
serum IL6, IL1β, IL1RN, and IFNG concentrations
At the fifth annual visit, DNA and serum was isolated using venipuncture. The serum samples were stored at -70°C and used to measure the concentrations of IL6, IL1β, IL1RN, and IFNG using a highly sensitive chemiluminescent multiplexed sandwich immunoassay (SearchLight Proteome Array System, Rockford, IL). Hardy-Weinberg equilibrium was assessed using χ 2 goodness-of-fit tests, and linkage disequilibrium estimations were performed using the CubeX cubic exact solutions program. 18 Multivariate linear regressions for prebronchodilator and postbronchodilator rate of decline were performed to test for associations with each SNP. The confounding factors included for these analyses were age, body mass index, smoking status (continuous versus noncontinuous), and mean number of cigarettes smoked per day during the LHS follow-up period.
Multivariate linear regressions for baseline FEV 1 % predicted were performed to test for associations with each SNP. Confounding factors included for analyses of baseline lung function were age, body mass index, and pack-years of smoking. Pack-years of smoking was used as the covariate because this smoking measure was thought to be the most representative of patient smoking history prior to the start of the study.
Multivariate logistic regressions were used to test for the association of each SNP with cardiovascular disease and fatal cardiovascular disease.
Multivariate linear regressions were also performed to test for association of each SNP with logarithmically transformed serum levels of their respective proteins, with age, body mass index, and pack-years of smoking included as covariates.
Rate of decline in lung function was determined by the difference between lung function at the start and end of the study divided by the number of years between the two measurements. Gene × smoking interactions were tested in the entire LHS cohort by adding a multiplicative term to the regression models. The single locus analyses described above were performed using the JMP statistical package (SAS Institute Inc, Cary, NC). Haplotype analysis was done using the SimHap package. 19 If we were to apply a Bonferroni correction for the total number of 29 comparisons conducted in this study, there would be no association that would survive this stringent level of correction. Because many of the phenotypes and the IL1B and IL1RN SNPs tested were significantly associated, we used a matrix spectral decomposition approach to estimate the effective number of independent phenotypes and genotypes. 20 Using the matrix spectral decomposition approach, the total effective number of variables (V eff ) tested for IL6, IFNG, IL1B, and IL1RN was 8.15, 7.25, 9, and 9, respectively. The significance threshold required to keep the Type I error rate at 5% (0.05/V eff ) for IL6, IFNG, IL1B, and IL1RN was 6.137 × 10 -3 , 6.894 × 10 -3 , 5.555 × 10 -3 , and 5.555 × 10 -3 , respectively, for each gene.
Results
Characteristics of study participants
Of the 5887 LHS participants, 4189 had DNA and complete phenotypic data available. Of those, 4036 (96%) were of European descent and were utilized in the subsequent analyses because we had insufficient power to study the other ethnic groups. The total cohort (n = 4036) was used to investigate gene × smoking interactions on lung function, the effects of polymorphisms on serum levels of their respective proteins, and the influence of genetic variants on cardiovascular disease. The subset of LHS participants (n = 2523) that had not been previously included in genetic studies of these polymorphisms was used to investigate associations with lung function measures. The demographic characteristics of the LHS participants are shown in Table 1 . Polymorphism genotyping assays, linkage disequilibrium, and Hardy-Weinberg equilibrium
In our previous study of IL1B and IL1RN polymorphisms, we genotyped a variable number of tandem repeats in intron 2 of the IL1RN gene. 7 In order to facilitate rapid genotyping of the large number of samples in this study, we utilized a SNP (rs419598) that was reported to be in high linkage disequilibrium with the tandem repeat polymorphism. 21 We confirmed this association in a sample of 571 LHS participants for whom we had genotypic information for both polymorphisms. The linkage disequilibrium statistic between the tandem repeat (considering alleles A1 and A2) and rs419598 in these individuals was r 2 = 0.97. We genotyped the LHS participants for four polymorphisms, ie, rs2069825 in IL6, rs2069727 in IFNG, rs16944 in IL1B, and rs419598 in IL1RN. In the total of 4032 individuals, genotyping success rates were in the range of 91.8%-96.2%. The frequencies of the SNP alleles and genotypes are listed in Table 2 . All SNPs were in Hardy -Weinberg equilibrium in all groups, except for IL6 rs2069825, for which there was a slight excess of heterozygotes (P = 0.02).
Analysis of rate of decline and baseline FeV 1
We analyzed each polymorphism for association with rate of decline of prebronchodilator and postbronchodilator FEV 1 in the LHS participants not previously studied for these variants. In contrast with our previous studies, 5, 6 there was no association of any polymorphism with the rate of decline of lung function (Table 3) . Similarly, there was no association of the polymorphisms with measures of baseline lung function in the same subset of individuals (Table 3) . However, when we analyzed the entire LHS cohort (P = 0.0486) and the original subset of patients (P = 0.0063) we did find a significant effect of the IL6 rs2069825 SNP on the rate of decline of prebronchodilator FEV 1 (Table 4) .
We had previously found a significant association of IL1B and IL1RN haplotypes with rate of decline of lung function. 7 Therefore, we tested haplotypes of the rs16944 and rs419598 polymorphisms in the LHS cohort not previously tested. Contrary to our previous results, none of the haplotypes were associated with the rate of decline of lung function or with baseline lung function. When we analyzed the entire LHS cohort, we also found no significant associations except with the original subset analysis (data not shown).
Analysis of gene × smoking interactions
We investigated gene × smoking interactions in the entire LHS cohort. The data in Table 4 suggested a recessive effect of the IL6 rs2069825 SNP and therefore interactions of this polymorphism were explored in a recessive model. We found a significant interaction (P = 0.0044) of the IL6 rs2069825 SNP with mean number of cigarettes smoked per day on rate of decline of prebronchodilator FEV 1 (Table 5 ) which remained significant after corrections for multiple comparisons by gene (P = 0.0359). This interaction is illustrated in Figure 1 , which shows a faster rate of decline in individuals with the IL6 rs2069825 [-/-] genotype. There was also a significant overall interaction of IFNG rs2069727 with smoking on prebronchodilator (P = 0.0098) and postbronchodilator (P = 0.0077) FEV 1 ( Table 5 ). There were no significant gene × smoking interactions on lung function parameters with the other polymorphisms studied.
Analysis of serum protein levels
We determined whether each of the four polymorphisms was associated with the serum level of its respective protein. However, none of the genetic variants was significantly associated with the protein levels of IL6, IL1β, IL1RN, or IFNγ measured in peripheral blood (P = 0.176-0.599). There was an association of the IL6 polymorphism with cardiovascular disease, although there was only an effect of the heterozygous genotype (P = 0.0446). There was no association of the IFNG polymorphism or IL1B-IL1RN haplotypes with either cardiovascular disease outcome. In addition, we found a significant gene × smoking interaction between cardiovascular disease and the IL6 polymorphism (P = 0.0239, Table 6 ).
Discussion
We have investigated polymorphisms in the IL6, IL1RN, IL1B, and IFNG genes which have previously been demonstrated as risk factors for accelerated decline in lung function or baseline lung function in COPD patients. Unlike our previous studies, which used nested case-control designs including patients within the extremes of distribution for lung function parameters, we only found an association for IL6 with rate of decline in lung function for the entire LHS cohort. We found significant gene × smoking interactions between IL6 and IFNG and the rate of decline in lung function and baseline FEV 1 , respectively. In addition, we also demonstrated a significant association between IL6 and an IL6 × smoking interaction for cardiovascular disease.
The current paradigm for the pathogenesis of COPD includes a local and systemic inflammatory response to environmental challenges, notably cigarette smoking, which ultimately results in airflow obstruction. In COPD patients, high levels of serum or sputum IL6 have been associated with impaired lung function, exacerbations, pulmonary infections, and skeletal muscle weakness. [22] [23] [24] [25] [26] [27] It has also been demonstrated that overexpression of IL6 in the adult murine lung results in airway inflammation and emphysema-like airspace enlargement. 28 In this study, we found the IL6 SNP rs2069825 deletion allele was associated with rate of decline of prebronchodilator FEV 1 in the entire LHS cohort. In a previous independent case-control sample study, associations of IL6 SNPs with COPD susceptibility were also found. In particular, these IL6 SNP were in high linkage disequilibrium with the IL6 SNP rs2069825 genotyped in the present study.
5 IL6 haplotypes, including rs2069825, have been previously associated with COPD in an independent study of a Caucasian population. 29 Furthermore, IL6 haplotypes have been found to be associated with COPD defined by lung function in a Spanish population. 30 In contrast, a much smaller study has previously reported no association of an IL6 SNP (rs1800795) with COPD. 31 The rs1800795 polymorphism is in high linkage disequilibrium (r 2 = 0.9) with the IL6 rs2069825 SNP investigated in this study. Because we believe that the associations found in well-powered cohorts are not likely to represent false positive results, together these studies indicate an association of IL6 SNPs with COPD. In contrast with our previous study in which we analyzed the association of the IL6 rs2069825 SNP with individuals not defined within the extremes of decline of lung function, we found no significant effect. However, when we analyzed the entire LHS cohort and the original subset of patients for rate of decline in prebronchodilator FEV 1 , we did confirm the findings of our previous study. 5 Our finding of an IL6 rs2069825 interaction with level of smoking indicates that other factors are required for the effect of IL6 rs2069825 to manifest. Indeed, this is the first study to demonstrate a gene × environment interaction for IL6 and smoking with a lung function parameter.
The number of IFNγ-expressing lymphocytes is elevated in smokers and COPD bronchial biopsies. 32 Studies of IFNγ knockout mice have also demonstrated an important role for IFNγ in emphysema. 33 The IFNG rs2069727 SNP was previously associated with baseline lung function in the LHS subset using the extremes of the distribution of lung function measurements. 6 We also found a significant interaction with smoking history in our previous study. 6 Therefore, the interaction of rs2069727 with pack-years of smoking in the total LHS cohort found in this study is consistent with these data. In support of the importance of IFNG, a different IFNG polymorphism (rs2430561) was previously associated with COPD in a Macedonian population. 34 For the IL1RN rs419598 and IL1B rs16944 polymorphisms, we found no associations with rate of decline or baseline FEV 1 . We could confirm our findings of the previous association study for IL1RN and IL1B in the subset, but not the whole LHS cohort. This suggests that either the polymorphisms are only risk factors in the most severely affected individuals (those with very rapid decline in lung function), or the previous associations were false positive results.
It has long been recognized that smokers with COPD have high cardiovascular-related mortality. 35, 36 Indeed, decreased expiratory flow from the lung, which is the defining feature of COPD, increases the risk of ischemic heart disease, strokes, and sudden cardiac death by 2-3-fold, independent of other risk factors. 37 In particular, this increased risk is thought to be especially relevant to patients with mild to moderate COPD, because in severe 
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COPD patients the primary cause of death is usually respiratory disease. 11 The mechanisms of cardiovascular disease in COPD include hypoxia, systemic inflammation, and oxidative stress. 38 Due to the poor correlations of circulating levels of cytokines such as tumor necrosis factor and interleukin-8 with sputum levels in COPD, the data suggest that systemic inflammation may not be a simple spillover effect from lung inflammation. 39 Thus, intermediate factors may play an important role because smoking is associated with increased systemic levels of inflammatory mediators, including IL6, tumor necrosis factor, reactive oxygen species, and IFNγ. 40, 41 Although it is widely accepted that cigarette smoking induces systemic inflammation, which contributes to both the pathogenesis of COPD and cardiovascular disease morbidity and mortality, 32, 42 it is not known which inflammatory genes are important.
We found that the IL6 rs2069825 SNP was associated with cardiovascular disease. The minor allele of the IL6 promoter SNP, rs1800795 (-174G/C), has been previously associated with increased circulating IL6 levels, cardiovascular disease, and cardiovascular disease-related mortality in populations of older adults. [43] [44] [45] [46] However, IL6 gene variation was only weakly associated with serum IL6 levels and not with cardiovascular outcomes in the Cardiovascular Health Study. 47 More recently, Carty et al studied several IL6 SNPs in the Cardiovascular Health Study, including the IL6 polymorphism, rs1554606, 48 which is in moderate linkage disequilibrium (r 2 = 0.49) with IL6 rs2069825, the SNPs used in our study. However, the study found no associations between the five IL6 SNPs investigated and cardiovascular outcomes. 48 The differences in the findings for IL6 rs2069825 and cardiovascular disease outcome potentially reflects the cohorts studied. The Cardiovascular Health Study consisted of older patients (mean 72.6 years), of whom 59.5% were female and only 11.0% were current smokers 49 in comparison with our cohort, which consisted of only current smokers (on enrollment) with COPD that were 36.6% female and younger (mean 48.51 years).
The systemic inflammatory response is characterized by stimulation of the hematopoietic system. Circulating cytokines, such as IL6, have been postulated to stimulate the bone marrow to release leukocytes and platelets involved in systemic inflammation. 50 Several studies have shown increased levels of systemic IL6 in smokers compared with never-smokers. 51, 52 Furthermore, IL6 has been found to correlate significantly with fibrinogen and white blood cell counts, reflecting a major role for IL6 as an inducer of fibrinogen, 53 which has been demonstrated to be an important marker in cardiovascular disease. 54 In addition, levels of IL6 can be used to predict future cardiovascular disease. 17, 55 Indeed, in COPD, IL6 levels are increased, particularly during exacerbations, and IL6 levels parallel C-reactive protein levels. 56 Our previous search for COPD susceptibility genes had focused on genes involved in the inflammatory response, but we had no intermediate phenotypes to test whether the significant associations we observed were acting through inflammatory pathways. The recent analysis of serum samples from the LHS participants offered the opportunity to use measurements of serum proteins and cytokines as powerful intermediate phenotypes. We examined the association of our identified SNPs with IL6, IFNγ, IL1β, and IL1RN serum levels. We did not find any associations, and therefore we found no evidence that the associations we reported were mediated through an influence on the production of the serum cytokines measured. However, we did not measure cytokine levels within the lung, and therefore we could not test if the associations of IL6 rs2069825 with lung function are driven via local pulmonary expression.
There are several explanations for the lack of association between the SNPs studied and serum cytokine levels measured. Many serum proteins have been demonstrated to have marked diurnal variability, and the serum samples were not obtained at a specific time of day for all patients. Additionally, the serum half-life of cytokines such as IL6 is short. Another limitation is the lack of healthy nonsmoking control subjects, thus the relationship of these candidate genes to normal lung function decline with age and cardiovascular disease in a nonsmoking population is unknown.
Compared with previous studies, the strengths of this study include a larger sample size and good power. This sample size provides more than adequate power to detect common genetic risk variants, as shown in our previous power analyses. 57 There were several potential limitations to the study. First, false positive results could have been generated by population stratification. However, previous studies have suggested that US Caucasian populations are unlikely to contain sufficient stratification to cause widespread false positive results. 58 One important difference with our previously identified associations between IL6, IFNγ, IL1β, and IL1RN polymorphisms and rate of decline and baseline lung function is that these studies utilized a case-control analysis that compared individuals from the Dovepress Dovepress 285 gene-environment interactions in COPD extremes of the distribution for rate of decline or baseline lung function. When we analyzed the entire LHS cohort, only the IL6 rs2069825 SNP remained significant. This could indicate that the IFNG rs2069727, IL1RN rs419598, and IL1B rs16944 polymorphisms previously identified are important only in individuals with severe airflow limitation and rapid decline in lung function over the course of their disease. There may also be increased power to detect genetic susceptibility loci using extremes of the distribution of a continuous variable. 59 However, it is also possible that previous studies were underpowered and the results obtained were false positives.
In this study, we have made multiple comparisons and therefore most of the results would not be significant at the 5% level if a Bonferroni correction was made. On the other hand, only a limited number of SNPs were chosen based on a prior association with lung function measures in the LHS. Furthermore, the prebronchodilator and postbronchodilator measures of lung function utilized in this study are highly correlated. Only the association of the IL6 rs2069825 SNP with mean number of cigarettes smoked per day on rate of decline of prebronchodilator FEV 1 was significant after correction for multiple comparisons. Thus, given the lack of formal significance for the other reported results, they should be regarded as hypothesis-generating.
In summary, we have demonstrated signif icant interactions of the IL6 rs2069825 and IFNG rs2069727 SNPs with cigarette smoking on lung function in a wellpowered cohort of exsmokers and current smokers. In addition, the IL6 rs2069825 SNP was also associated with cardiovascular disease. Because several large randomized clinical trials and population-based studies have demonstrated a substantial reduction in the risk of cardiovascular disease and loss of lung function following smoking cessation. [60] [61] [62] We propose that individuals with the IL6 rs2069825 SNP would be at risk for the development of both COPD and cardiovascular disease, and could be targeted in future therapeutic strategies aimed at the IL6 pathway.
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